structure-a process called biomodeling.
3 3D printing can be used to print implantable hard-and soft-tissue prostheses, surgical guides for intraoperative use, biocell printing of 3D tissue/organ, or to create scaffolds for tissue engineering.
4-6
The special complexity of craniofacial anatomy, the presence or close relationship with vital structures (nerves, blood vessels, muscles, ligaments, cartilage, bone, lymph nodes, and glands), the uniqueness of each defect and chances of infection require a precise preoperative planning followed by a highly individualized and careful execution of the plan. Advanced imaging techniques have become an essential component of preoperative planning in reconstructive surgery. Image-guided improves preoperative planning by delineating safety margins during ablative tumor surgery, for example, and outlining the intended reconstructive outcome. 7 However, conventional modalities, including 3D
reconstructions of different organs, are limited by their representation on two-dimensional (2D) computer monitors preventing to interact physically with a model.
5,8,9
3D printing technology, also known as rapid prototyping technology, additive manufacturing, or solid free-form technology, is not a new concept. Described for the first time by Charles Hull, it was introduced in the 1990s in the field of medicine by the production of physical models via computeraided design (CAD), but it has been utilized in industrial design since 1980s. [9] [10] [11] [12] Once introduced in the biomedical field, several applications were identified as suitable for the production of biomodels to enhance surgical planning and simulation in implantology, neurosurgery, and orthopedics, as well as for the production of maxillofacial prostheses.
2,13
Graspable 3D objects overcome the limitations of 3D visualization, displayed on flat screens. 3D objects can be produced based on computed tomography (CT) or magnetic resonance imaging (MRI) volumetric medical images. Using dedicated post-processing algorithms, a spatial model can be extracted from image datasets and exported to machinereadable data. This spatial model data are utilized by special printers for generating the final rapid prototype model. 8, 16 Significant improvements in clinical imaging and userfriendly 3D software with the progression of open source platforms, associated with the recent hardware developments (e.g., decreasing the size of 3D printers to affordable desktop 3D printers), reducing time consumption and costs, have enabled computer-aided 3D modeling of 3D biomodels using 3D printing techniques, such as stereolithography (SL), multijet modeling, selective laser sintering (SLS), binder jet technique, and fused deposition modeling (FDM).
5,9
Providing tactile feedback and a superior appreciation of visuospatial relationship between anatomical structures using these 3D models, the potential advantages are enormous in various medical fields, and craniomaxillofacial reconstructive surgery was one of the areas that pioneered the use of the 3D printing technology.
9,14
The emphasis of this article is on practical and innovative uses, illustrated with two clinical cases where the 3D printing technology was successfully employed for craniomaxillofacial reconstruction, so as to stimulate further growth of ideas and advancement of the technology in the surgical field.
Materials and Methods
To investigate the current status of 3D printing technology and its clinical applications in the surgical field, particularly in the craniomaxillofacial reconstructive surgery, a review of the recent literature was conducted using PubMed, Web of science, and other reliable sources. A systematic search on National Library of Medicine was performed for related articles, based on the title of the abstract, and using the following key words: 3D printing, rapid prototyping, craniomaxillofacial defects, implants, prostheses, and reconstructive surgery.
We initially found 73 results, which were narrowed down to 54 after being reviewed according to the inclusion and exclusion criteria to form a set of 39 full-text articles selected for review.
Our inclusion criteria involved original articles, written in English, with no more than 15 years old, in which the 3D printing technology and its practical applications in craniomaxillofacial reconstruction was the key point, along with future perspectives of this technique and how it can affect the daily surgical practice.
The exclusion criteria included animal studies, non-English articles, and conference abstracts.
Results
3D-printed biomodels, as previously mentioned, can be used as an accurate, tactile visualization tool and a surgical simulation device to reproduce complex, patient-unique pathologies that facilitate the surgeons to preoperatively predict potential intraoperative challenges and postoperative outcomes as well as reduce risk of complications.
2,9
Depending on the production technique, it is also possible to combine materials of different elasticity or color in one model, which can be useful to create more realistic models for educational or research purposes, or for naturally looking implant. The production time depends on the method used, and also on the size and complexity of the model.
8,16
The dynamic process of production of 3D biomodels, generally known as reverse engineering, consists of the following four main sequential steps 1-3,10,12 :
1. Acquisition of high-quality volumetric 3D image data of the anatomical structure by CT or MRI for modeling. Less than a 1-mm CT slice thickness is recommended. 2. 3D image processing to extract the region of interest from the surrounding tissues, which requires two types of software: first, a "3D modeling" software that translates the digital imaging and communications in medicine (DICOM) files from CT/MRI scans into a CAD file highlighting the region of interest, and second, a "3D slicing" software that divides the CAD file into thin data slices suitable for 3D printing. 4. Quality assurance of the model and its dimensional accuracy.
It is essential that biomedical models created by 3D printing technology are subject to rigorous quality assurance at all steps of the process of production.
15,18

Review of 3D Printing Techniques
The type of 3D printer chosen for an application often depends on the material available and how the layers in the finished product are bonded. In general, 3D printer accuracy would depend directly on the accuracy of CT scans, especially, of which thickness should be as thin as possible. 10 We described a brief overview of the most common 3D printing technologies used for craniomaxillofacial reconstruction, with mention to their major advantages and disadvantages. The selection of the technique depends on the materials of interest, machine limitations, and the specific requirements of the final 3D biomodel, for example, the clinical application.
15,18,19
Liquid-Based 3D Printing Technology
Stereolithography
The stereolithography (SL) is the most widely used 3D technique for craniofacial surgery, where a layer of liquid photopolymer or epoxy resin in a model-building platform is cured by a low-power ultraviolet (UV) laser. A mirror, computer controlled, is used to guide the UV laser focus onto the surface of the resin and cure the resin on a layer-by-layer basis. Each of these layers corresponds to the equivalent of a slice of an axial image on CT/MRI scan. 2, 8 The layers are cured sequentially and bind together to form a solid object, beginning from the bottom of the model and building upward.
17-21
The final model, after being removed from the supporting structures, is cured in a UV chamber.
9
Currently, SL is considered the gold standard in 3D biomedical model production, with the best smoother surface finishing, fast processing, and the greatest accuracy (0.025 mm). 4, 9, 22 Though, this technique has also few disadvantages -for example, it requires extensive post-production manual handling and high cost related to the materials, the printer, and maintenance.
17,22
Recently, a new technique called continuous liquid interface production (CLIP) was developed based on the conventional SL but increasing the production speed by harnessing oxygen inhibition of UV. However, this technique has not been yet evaluated in reconstructive surgery.
23
PolyJet Modeling
PolyJet modeling (PM) is performed by jetting liquid photopolymer materials in ultra-thin layers (16 µm) onto a build tray layer by layer, until the model is completed. The advantage of this technique is that each photopolymer layer is immediately cured by UV light immediately after it is jetted, avoiding the time-consuming post-processing in the UV chamber.
19 It is also possible with this technique to print using different materials according to the desired degree of tensile strength and durability. The main limitation is the high cost of these printers, which can limit their use more often.
9
Powder-Based 3D Printing Technology
Selective Laser Sintering
The SLS technique can be used to create metal, plastic, and ceramic models, by multiple steps, which require long fabrication time and high cost. First, the 2D slice data are fed into the SLS machine that directs the exposure path of the laser over a thin layer of powder, such as nylon or metals like titanium, previously deposited on the build tray and leveled with a roller. The CO 2 laser beam heats the powder particles, fusing them to form a solid layer, and then moves along the x-and y-axes to design the structures according to the CAD data. After the first layer fuses, the build tray moves downward, and a new layer of powder is deposited and sintered and the process is repeated until the model is completed, without support during manufacturing. The prototype surface is opaque, usually abrasive and porous, and finished by sandblasting.
19,20
3D Printing (BinderJet)
The BinderJet system uses a print head to selectively disperse a binder onto powder layers. A thin layer of powder is spread over a tray using a roller similar to that used in the SLS system. The print head scans the powder tray and delivers a continuous jet of a solution that binds the powder particles as it touches them.
21
No support structures are required while the model is being produced, because the surrounding powder supports the unconnected parts. When the process is complete, the surrounding powder is aspirated. It has a lower cost and can be used for formation of complex geometrical structures.
Solid-Based 3D Printing Technology
Fused deposition modeling (FDM) uses a similar principle to SL in that it builds models on a layer-by-layer basis. The main difference is that the layers are deposited as a thermoplastic that is extruded from a fine nozzle by computer control. The 3D model is constructed by extruding the heated thermoplastic material onto a foam surface along a path indicated by the model data.
19
As each layer of plastic cools, it hardens, gradually creating the final model with stability, durability, and mechanical properties.
2,12 Depending on the complexity and cost of an FDM printer, it may have enhanced features such as multiple print heads. FDM printers can use a variety of plastics; the most common material used for this procedure is acrylonitrile butadiene styrene. Custom
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functional, aesthetic, and social consequences that require complex clinical and surgical management. 24 Cranioplasty is the procedure of choice for correction of cranial defects commonly caused by trauma, after tumor resection, birth or congenital defects, or after decompressive craniotomy.
1,2
Until recently, when reconstructing craniofacial defects, the accuracy of modeling the missing part depended mainly on the sculpting skills or the surgeon.
2 Biomodeling changed this reality. Being able to visualize the model from various angles facilitated an intuitive understanding of the anatomical relationship between the structures. 9 The creation of customized implants for reconstruction of craniomaxillofacial defects is now a reality with a precise adaptation to the region of implantation, which reduces surgical times and costs, in turn leading to less chances for infection, faster recovery, and better aesthetics results.
1 A 3D digital model of the cranium is generated from the CT data. In primary reconstructions, this model is used to define the exact osteotomies sites, designing a surgical guide that fits perfectly the defect. In secondary reconstructions, the virtual model is then used to create the implant design either by mirroring from the contralateral side or by generation curves based on the anatomical region with CAD-based devices.
3
The ideal cranial implant material would fit the cranial defect and achieve complete closure, (e.g., radiolucent for postoperative imaging), resistant to infections, strong to biomechanical processes, easy to shape, not expensive, and ready to use.
1,25-27
Maxillary Reconstruction
Maxillectomy defects become more complex when critical structures such as the orbit, globe, and cranial base are involved. The reconstruction of midfacial defects can be classified into the following different types, according to the modified classification system of maxillectomies, proposed by Costa et al 28 :
• In maxillary surgery, after imaging and virtual reconstruction of the maxilla, surgeons use the technology to carry out their digitally planned maxillary osteotomies and subsequent reconstruction with iliac crest or fibula bone. Digitally mirroring the healthy maxilla to the abnormal side helps guide the ideal skeletal geometry.
1,3
In maxillofacial surgery, this has been successfully implemented in the form of interchangeable jigs that constrain operative placement to a specific area. As a result, planned osteotomies and bone movements are accurately defined and tailored to patient anatomy. 29 These guides have been extensively used in maxillary and particularity mandibular reconstructive surgery, to replace what was previously considered a gold standard in treatment with fibular osseous vascular free flaps.
30-33
Case 1: Maxillectomy Type IIb
This is a case of a 33-year-old female patient, diagnosed with chronic osteomyelitis, involving the right maxilla. She had previously been submitted to multiple curettages, hyperbaric oxygen sessions, and different trials of antibiotics unsuccessfully. Surgical planning included virtual planning (►Fig. 1) based on 3D CT scan data (1 mm resolution) and imported into a CAD file. Thus, simulation of the surgical procedure with a 3D bio model (►Fig. 2c), produced by SL technique, allowed better visualization of the skeletal structures and the generation of custom-made surgical guides to better restore facial symmetry.
She was submitted to a right subtotal maxillectomy followed by immediate reconstruction with a vascularized chimeric myosseous iliac crest with a patch of internal oblique muscle (►Fig. 3a-d).
The required volume, length, and general morphology of the free flap were obtained with high accuracy according to the 3D biomedical model and the custom fitting surgical guides. This optimized the reconstructive surgery as incisions could be smaller, with less blood loss and significant improvement in the surgeon's overall visibility.
This clinical case illustrates how the use of 3D-printed models in maxillofacial surgery can determinate the final result (►Fig. 4), combining a successful resection of the infected right maxilla with a very positive outcome and superior aesthetic result.
Mandibular Reconstruction
When planning facial reconstructive procedures, the ultimate goals of mandibular reconstruction are to restore speech, masticatory function, swallowing and respiration, and preserve facial features. Current reconstruction procedures combine mandible reconstruction plate fixation and use of microvascular flaps.
1 In complex mandibular reconstructions using free flaps, to achieve a good functional and aesthetic outcome, knowing the precise three-dimensional characteristics of the flap is determinant to restore symmetry and structural integrity.
34
Thus, by using specific software, it is possible to calculate the exact contours, angles, length, and morphology of the new mandible.
3 Digitally mirroring the healthy mandible to the abnormal side helps guide the ideal skeletal geometry. Then, by using 3D-printed biomodels, there is an enhancement in the positioning of mandibular segments, shorter operative time by no intraoperative repeated bending and adapting of plates, and also less chances of postoperative plate breakage. The use of the original surface of the cortical bone as a template for adapting the reconstruction plate, facilitation of the preoperative surgical simulation, and restoration of centric occlusion of the patient were some of the benefits of virtual preoperative planning.
1
However, to apply the 3D-printed titanium implant, the surgical cut or ostectomy should be matched precisely with the preoperative planning, because the 3D-printed implants are so solid that they are not easy to cut or bend. Therefore, a surgical osteotomy guide should be made.
10
In some cases, a combination of custom implants and other corrective surgical procedures, such as fixation of salvageable large chunks of fractured bone as in blown-out midfacial fractures, is performed to restore the facial structure. 
Case 2: Left Hemimandibulectomy Sparing the Condyle
This is a case of a 46-year-old male patient with past history of advanced oral squamous cell carcinoma (T3N2bM0) previously submitted to radical excision with ipsilateral radical neck dissection and adjuvant radiotherapy (►Fig. 5).
Preoperative planning by 3D biomodeling technique (SL) was adopted to restore the facial symmetry of the patient and restore/improve the biofunctionality, like correction of the occlusal plan and other bone structures. The unaffected mandible was laterally mirrored or inverted and positioned to obtain the most accurate and precise result. A surgical guide for bone and plate modeling was then generated (►Fig. 6).
The patient underwent reconstruction with scaffold-guided 3D biomodeled osteomuscular iliac crest free flap (►Fig. 7).
Nine months after the surgery, as we can see in the postoperative images (►Fig. 8), there is a significant improvement in patient's facial features by restoring the mandibular defect and biofunctionality, enabling the possibility for dental osteointegrated implant-based rehabilitation.
Discussion
3D printing technology is innovating medicine, which furthermore challenges the surgical practice in terms of patientspecific individualized approach. It can provide an individual Fig. 1 Virtual planning using 3D reconstruction software (Anatomics Pro, Anatomics TM, Melbourne, Australia) based on 3D CT scan data. Fig. 2 Clinical image of the patient before surgery (a), right maxilla specimen (b), and 3D biomedical model and surgical guides to dissect the iliac crest (c). 
product in a short period of time, which suits the goal of individualized medicine, where each patient requires a specific, tailored, therapeutic approach.
The ultimate goal of any reconstructive surgical procedure is to reproduce or improve preoperative form and function. Application of 3D printing in craniomaxillofacial reconstructive surgery is changing the way surgeons are planning their surgeries and the designers are designing custom 3D biomedical models.
No matter which specific technique is used to produce the 3D biomodel, the following are proven advantages of using 3D printing for reconstructive surgery provide preoperative counseling to their patients utilizing 3D modeling. 3. There is improvement in preoperative surgical planning by designing incisions and surgical resection margins. 3D biomodel also allows the assessment of bony defects for grafting and the adaptation/prebending of reconstruction plates. 4. It helps in the development of intraoperative guidance tools, and improve communication among surgeons. This can translate into shorter operative time; reduced time under general anesthesia; shorter duration of wound exposure; and reduced intraoperative blood loss, errors, and risks. 5. It also helps in the production of patient-specific implants/ prosthetics in everyday surgical practice such as TMJ prostheses, distraction devices, and fixation devices; improves aesthetic outcomes as a result of individual fitting; and complements individual anatomical needs. Furthermore, customized implants avoid the need to intraoperatively modify and adjust as occurs with the standard implants, which can directly lead to improved clinical outcomes and a decreased risk of complications, for example, infections. 6. In comparison to a standard implant, a custom-made implant is more likely to yield superior functional and esthetic outcomes. Typical 3D printing materials can be sterilized using chemicals, such as Food and Drug Custom-Made Implants for Craniomaxillofacial Reconstructive Surgery Matias et al. 95
Administration-approved glutaraldehyde protocols, steam, and gas for intraoperative handling. In the last decade, investigators have reported 3D-printed prostheses of nose, ears, eyes, face, and hand. 7. It provides an educational tool for medical students and residents. Physical models can be realistically held and rotated, can be interactively manipulated regardless of complexity, and are accessible without the need for computers or advanced training.
4,36
8. The 3D printing is more predictable and provides accurate surgical outcomes. 9. The 3D printing is beneficial not only for bone reconstruction but also for replacing soft tissues, as it is possible to use a variety of materials. Custom-Made Implants for Craniomaxillofacial Reconstructive Surgery Matias et al.
3D printing as an innovating technique has also some limitations to consider. The main limitations include high costs and complexity, as well as the need for specialized equipment and consumables such as photo-resistant resins.
3
Rapid prototyping can only be applied to structure not exceeding certain dimensions, as 3D printers are not able to produce extremely large, whole-body models.
The time needed for producing a 3D model also limits its use in surgery to elective cases and makes it unsuitable for emergency cases (oncology and acute trauma).
8,34
Another disadvantage is the higher radiation dosage to which the patient has to be exposed due to specific CT scanning criteria, comparing with a regular CT scan for diagnosis.
3,34
These limitations might be overcome by future technological developments.
Conclusion
Cranial and maxillofacial structures are not only complex but also unique among individuals. The use of these 3D biomedical models in cranial and maxillofacial reconstructive surgery proved to be very useful in the design and fabrication of custom prosthesis and sizing of bone grafts, and it also allowed for manufacturing of scaffolds for bone regeneration as well as other aspects of medical education and research. According to Zenha et al, 34 the use of these 3D biomedical models is particularly useful in major secondary defects (oncological, osteoradionecrosis, trauma) with relevant distortion of craniofacial structure; congenital malformations, and primary tumor surgery, when the dimensions of the tumor have altered normal anatomy significantly. Custommade implants for the reconstruction of craniofacial defects, preserving patients' original anatomy, have gained importance due to better performance-function and aestheticover their generic counterparts.
1,3
However, despite the reported results, additional progress for 3D printing technologies is needed for increasing resolution without sacrificing shape, strength, and hand ability of the 3D biomodels. The National Institutes of Health established the 3D Print Exchange (3dprint.nih.gov) in 2014 to promote opensource sharing of 3D print files for medical and anatomical models and custom. 36, 37 The integration of patient-derived tissue and induced pluripotent stem cells with rapid advances in 3D printing of biological tissues and materials holds great for bioprinting organs by using multiple print heads which will deposit different cell types (organ specific, blood vessel, and muscle cells), necessary feature for fabricating whole heterocellular tissues and organs, as potential solution to the lack of organs for transplantation.
38
Over the last decade, image-guided production of 3D biomedical models has been recognized as useful tool in different fields of medicine with multiple applications. Recently, a fourth dimension was introduced to 3D Printing: time. With this fourth dimension of time, 4D printing delivers complex spatiotemporal anatomical details effortlessly and may improve even more the preoperative planning comparing with the 3D printing. 9, 39 
